In a normal man sitting upright, pulmonary blood flow per unit volume of lung is several times greater in the lower zones of the lungs than in the upper (1, 2) . Dollery and West (3) have shown that in patients with mitral stenosis this pattern is often reversed and that the upper zones may have several times the blood flow per unit volume of the lower zones. Two explanations for this finding have been suggested. West, Dollery, and Heard (4) have shown that a similar reversal of flow pattern can be produced in an isolated dog lung by sustained elevation of the pulmonary vein pressure, causing perivascular edema in the dependent portion. They suggested that a similar process may cause the increased vascular resistance in the lower zones in patients with mitral stenosis. Another theory proposes that vascular engorgement and edema in the lung bases cause a local loss of compliance or an increase in airway resistance, and the resultant underventilation and hypoxia could cause vasoconstriction in these regions (5) . This is consistent with the observations that oxygen breathing can reduce vascular resistance in some cases of mitral stenosis (6) (7) (8) and that infusion of acetylcholine into the pulmonary artery may simultaneously lower pulmonary arterial pressure and reduce arterial oxygen saturation (5, 9, 10) . The fall in arterial saturation was attributed to the relief of hypoxic vasoconstriction in underventilated lung units (9 New techniques based on the inhalation or intravenous injection of radioactive gas to study the distribution of ventilation and blood flow in the lung might provide some evidence in favor of one or the other of these theories. Dollery and West (3) using such a method found that the abnormality of blood flow distribution tended to be more marked in pulmonary hypertensive patients. No comparison has been made between the blood flow pattern and left atrial pressure or pulmonary vascular resistance, however, and these measurements might be more relevant. Apart from two single reports (2, 11) described elsewhere (12) (13) (14) on all but two (see Table I ) Since oxygen consumption cannot be measured by exand showed abnormalities similar to those previously de-pired gas analysis during oxygen breathing, it was necesscribed in this condition (15) . sary to measure the oxygen uptake from a closed cirHemodynamic data. Cardiac catheterization in the cuit spirometer system. This measurement was not made supine posture was carried out in all but one of the in some of the patients, in whom it was assumed that the patients (Table II) . The cardiac output was measured oxygen consumption after 25 minutes of oxygen breathby the direct Fick method, oxygen consumption being ing was the same as on air, an assumption supported by determined by analysis of expired air collected for 2 min-the observations of Bateman, Davidson, Donald, and utes. In 11 patients, observations were repeated after Harris in patients with mitral stenosis (9) . During 100% oxygen had been breathed for 20 to 30 minutes. oxygen breathing the oxygen content of blood samples (17) . Mean pressures were obtained by electrical integration with an end-hole catheter lying in the pulmonary artery, and in the pulmonary capillary "wedge" position. Xenon studies. The procedure and apparatus employed have been described elsewhere (2) The patients sat upright 1 in a specially constructed chair, and six collimated scintillation detectors were placed over the posterior chest. Their position was located as described by Ball and associates (2) with the aid of a 6-foot posterior-anterior film of the chest taken at full inspiration. The fields covered by these detectors have been designated "upper," "middle," and "lower" zones on each side. Another detector continuously recorded the activity of the inspired gas. The pulses from the scintillation detectors and a volume tracing from the spirometer were recorded on a multichannel magnetic tape, and the information from any four channels could be played back simultaneously through rate meters to a direct-writing recorder.
Regional blood flow was measured by injecting about 0.5 mc of xenon dissolved in saline through a polyethylene catheter previously placed in an antecubital vein. The xenon was then rapidly flushed in with approximately 15 ml of normal saline. As the injection was made, the patient was instructed to breathe in slowly to full inspiratory capacity and to hold his breath with the glottis open while the count rate was continuously recorded over each lung zone. Although there was no way of ascertaining that the patient did not close his glottis on a given breath hold, several practice runs were done in an attempt to avoid it.
The regional distribution of a single breath of inspired gas was determined by the patient inhaling from the end of a normal expiration to full inspiratory capacity from a spirometer circuit containing 0.3 to 0.5 mc of xenon per L of air (see below for an explanation of the calculations).
The dynamic index of ventilation (18) was determined by the patient rebreathing at his normal depth and frequency from the circuit until no further change in the regional concentration of radioactive xenon took place. The rate of increase in concentration over each lung zone during this period was an index of regional ventilation. When equilibration was complete, the regional chest count rate was recorded while the patient held his breath at full inspiration. This permitted the ratio of chest count rate to local xenon concentration (assumed at equilibration to be equal to the spirometer circuit concentration) to be computed for each region of the lung at this lung volume (total lung capacity), thereby correcting 1 Ideally the xenon and hemodynamic studies should have been done in the same posture. However, studies by Dollery and West (3) and previous studies in our laboratory had been performed with subjects in the upright posture.
for differences in the geometry and volume of the counter fields. The single breath and perfusion studies were then repeated in an identical fashion after the patient had breathed oxygen for at least 20 minutes, the spirometer circuit being filled with oxygen containing 0.3 to 0.5 mc per L of xenon.
The perfusion studies were performed in duplicate on room air and oxygen in all patients. If the duplicates, either during air or oxygen breathing, failed to agree within 10% of the mean, the values were not used in the subsequent analysis of the effect of oxygen. The single breath studies were also done in duplicate except where indicated in Table IV , and all results have been included in the analysis of the effect of oxygen breathing on this measurement.
Analysis of data. The blood flow distribution in the lung can be obtained from the ratio of the concentration of xenon in any two zones. After an intravenous injection of XL mc of xenon, the quantity of xenon in the counter field is given by: FAZ-V.= XL (QZ/QC), where FAR, V., and QO are the concentration of xenon, the volume, and the blood flow, respectively in the field x, and Qc is the pulmonary capillary blood flow. Similarly, in the counter field y, FA1 V, = XL-(Q/Qc). Therefore, the ratio, (FAZ/FAy) = (QZ/V.)/(QY/V1), or the ratio of the concentration of injected xenon in two counter fields, is equal to the ratio of the blood flow per unit volume to these two areas. Hereafter the symbols QU/QM, QM/QL, and QU/QL will be used to describe the ratios of flow per unit lung volume in any two lung zones as indicated by the subscripts, U (upper), M (middle), and L (lower).
It can similarly be shown that after a single breath of Bentivoglio and associates from this laboratory (18) have described a method for comparing the 90% "wash-in time" (t90) for each lung zone with the predicted time for the whole lung. The t90 was the time required for the count rate to reach 90% of its value at equilibration.
The predicted time is determined from the tidal volume and respiratory frequency by a calculation similar to that used for the "helium mixing efficiency" (19) . It is necessary to make a correction for the xenon in the chest wall, and this was done by asking the patient to hyperventilate after he was switched out of the spirometer circuit until the chest counters recorded a constant value. This count rate was then assumed to represent the chest wall count at the end of the equilibration, and it was assumed to have increased at a constant rate during the period of equilibration, from the initial background count rate.
The ventilation per volume of a lung zone is inversely related to its wash-in time, and to compare any two lung zones x and y the dynamic ventilation ratio (Vs/Vy) was defined as the reciprocal of the ratio of their 90% wash-in time, that is, V,/V1 = t901/t90,. 
Results and Discussion
The routine lung function tests and hemodynamic observations during air and oxygen breathing are shown in Tables I and II the lung. The same pattern was observed when the ratio of middle to lower zone flow per unit volume (QM/QL) was plotted against the pulmonary arterial pressure (Figure 2-b) , but was less apparent when upper to middle zone flow ratio (Qu/QM) was plotted against the pulmonary arterial pressure (Figure 2-b) . Qu/QL was found to increase significantly with increasing wedge pressure in the whole group (r = + 0.45, p = < 0.02) (Figure 1-b) .
Because of the uncertainties in measurement of cardiac output mentioned above, blood flow ratios were compared both to the pulmonary artery to left atrial pressure gradient ( Figure  1-c) and to the calculated pulmonary vascular resistance (Figure 1-d (Table IV, negative correlation when AVUI/AVL was related to the mean pulmonary arterial pressure (r = -0.51, p = < 0.02) or to the mean wedge pressure (r =-0.46, p = < 0.05).
In view of the striking disturbances of distribution of perfusion reported above, the near normal distribution of the single breath in most subjects was surprising. If, as pointed out by Bentivoglio and associates (20) , the single breath distribution is largely determined by regional lung compliance, it can be concluded that the relative compliance in upper and lower zones in most patients was in the normal range in spite of marked elevations of pulmonary venous pressure. It has been shown by Borst and associates (21) that acute elevation of pulmonary venous pressure in the absence of pulmonary edema causes only slight changes in the pulmonary compliance, and Cook and associates (22) have dem-02 A , onstrated that compliance changes following experimental elevations of the pulmonary venous pressure can be related almost entirely to the presence of edema fluid in air spaces. Pulmonary edema of this degree was probably not present in the patients studied here although interstitial and perivascular edema may well have been present. It appears that the disturbance of perfusion gradient observed in these patients was unrelated to any change in regional lung compliance.
Dynamic ventilation. Almost without exception the t90 was longer than predicted in all lung zones, an observation that accords with the impaired inert gas distribution observed in many of the patients (Table I ). Bentivoglio and associates (18) that the lower zone was poorly ventilated in relation to the upper zone during quiet breathing. However, the ratio of dynamic ventilation of upper and lower zones did not seem to be correlated with the pulmonary arterial mean pressure (r = + 0.10, p = < 0.8) or wedge pressure (r =-0.12, p = < 0.7, nor was there any correlation between QU/QL and the dynamic ventilation ratio (r = + 0.16, p = < 0.6) (Figure 3-d) . These findings, together with the abnormally high mixing indexes based on whole lung helium equilibration studies ( Table I ), indicate that the distribution of inspired air was abnormal throughout the lung and that this impairment was sometimes greatest in the lower zones. To conclude that there was regional hypoxia, however, it is necessary to demonstrate reduction of ventilation in relation to perfusion, and regional V/Q ratios cannot be computed by the present technique (20) . It seems extremely unlikely, however, that underventilation of the lower zones could have been the prime cause of the flow shifts observed, as these were in some instances marked in the presence of normal 'TU/VL ratios ( Figure   3-d) .
Effect of oxygen inhalation. The inhalation of oxygen almost invariably resulted in some shift of perfusion to the lower zones from the upper (Table III and Figure 3-a) . The mean reduction of Qu/QL was, however, small, averaging 21.8% (p = < 0.001), and there was no close correlation between the decrease in QU/QL and the fall in pulmonary arterial pressure after oxygen breathing (Figure 3-d) . Oxygen breathing also caused a greater proportion of a single breath of inspired xenon to pass into the lower zones, the mean fall in AVU/A&VL being 12.5% (p = < 0.001) (Figure 3-c) .
It cannot be deduced from these changes that oxygen breathing caused a selective vasodilation of previously hypoxic lower zones, although they are consistent with such an explanation. Reduction of pulmonary arterial pressure due to any cause such as fall in cardiac output (23) or diffuse vasodilation throughout the lung will result in relatively greater perfusion of the more dependent zones. A reduction in cardiac output due to oxygen breathing is unlikely (7, 9, and Table II ). Diffuse vasodilation throughout the lung, however, cannot be excluded, as oxygen breathing did cause some reduction in pulmonary arterial pressure in many patients (Table I) .
Whether vasodilation was diffuse or confined to the lower zones, the flow shifts observed were small, and it is unlikely that hypoxia was important in maintaining the increased resistance of the lower zone vessels at this stage.
Conclusions. These data show more clearly than any previously published the changes occurring in the pattern of flow distribution in patients with mitral disease and show their relationship to the changes in hemodynamics and in regional ventilation. In early cases there is a shift of blood flow from the lower to the upper zones of the lung, the degree of which correlates roughly with the severity of the condition as judged by the elevation of pulmonary venous pressure. In more advanced cases where the pulmonary vascular resistance is markedly elevated, the increase in perfusion of the upper zones relative to the lower is not so pronounced, suggesting that the factors causing vascular narrowing are operating throughout the lung. By contrast with these marked changes in the distribution of blood flow, regional compliance is not greatly affected. The abnormal distribution of ventilation during quiet breathing and the increase in perfusion of the lower zones following oxygen administration are consistent with the hypothesis that hypoxic vasoconstriction in the lower zones may have played some part in the flow shift and elevation of pulmonary vascular resistance observed. However, reduced perfusion of the lower zones was sometimes marked in the absence of relative underventilation of the lower zones, and the redistribution of perfusion that followed oxygen breathing was small. Therefore, it appears unlikely that vasoconstriction in the lower zones resulting from hypoxia was the principal cause of their reduced perfusion.
On the other hand, our observations are consistent with the suggestion of West and others (4) that perivascular edema of the lower zones initiated the redistribution of flow to the upper zones. The absence of regional compliance changes is not inconsistent with this and merely reflects the absence of edema fluid in the air compartment. With progressive elevation of the pulmonary venous pressure, perivascular edema may also appear in the upper zones, and the over-all pulmonary vascular resistance will become markedly elevated, but the flow distribution will return towards normal. Although this explanation accords with our observations, it does not explain the medial hypertrophy and intimal proliferation that occur in precapillary vessels and are also most marked in the lower zones (24) . The presence of perivascular edema and reduced flow must initiate these changes in some manner as yet unknown.
Summary
The distribution of blood flow and ventilation in the lung was studied with xenon'33 in 15 patients with mitral valve disease, and the results were related to hemodynamic observations made at cardiac catheterization.
In comparison to normal subjects there was an increase in the ratio of upper to lower zone blood flow per unit volume, and this increase tended to be greater in the presence of higher pulmonary venous pressure. The relative increase in upper zone blood flow was less in the presence of extreme pulmonary hypertension with marked elevation of pulmonary vascular resistance than it was in cases of moderate pulmonary hypertension.
The distribution of a single breath of inspired gas was minimally disturbed in these patients, indicating the absence of marked disturbances of regional compliance.
The equilibration time for inspired gas during quiet normal breathing was delayed in all zones and sometimes showed selective delay in the lower zones.
Oxygen breathing caused a small increase in the perfusion of lower zones relative to upper and a similar but smaller increase in the proportion of a single breath passing to the lower zones. The effect of oxygen on perfusion distribution, however, was not greatest in those instances where the disturbance of ventilation was most marked, nor was it related to the fall in pulmonary arterial pressure observed after oxygen breathing at cardiac catheterization. Relative hypoxia of the lower zones therefore does not seem to have been the principal cause of the abnormal blood flow distribution.
These observations are consistent with the hypothesis that an elevation of vascular resistance occurring first in the lower zones and then throughout the lungs in mitral disease is initiated by perivascular edema resulting from elevated pulmonary venous pressure.
